It has long been known that molecular rotational coherences can be driven by a single-cycle terahertz (THz) electromagnetic field that interacts resonantly with a molecular dipole moment [1, 2, 3, 4] or by a femtosecond optical field that interacts nonresonantly with a molecular polarizability anisotropy [5, 6] . For linear molecules, a single THz field interaction with the molecular dipoles couples initial and final rotational levels, J and J' = J ± 1. Under ambient conditions with many occupied levels, the superposition of such 1-quantum coherences (1QCs) whose frequencies θ is the angle between the dipole moment and the THz field polarization). The revivals are revealed through THz free induction decay (FID), which is expressed as corresponding bursts of coherent THz emission from the instantaneously oriented sample [1, 2, 3] . Two interactions with an ultrashort optical field (which exerts torque through impulsive stimulated rotational Raman scattering) couple initial and final levels with J" = J ± 2, and the superposition of 2-quantum coherences (2QCs) whose frequencies are given by ω ρ + = + , result in shortlived modulations of molecular alignment, ( ) 2 cos < > t θ , separated by T rev /2, which have phases reversed between successive occurrences. With intense optical pulses, many successive light-matter interactions can couple large numbers of levels J, J ± 2, J ± 4, etc., yielding in some cases a high degree of alignment during the recurrences and also transferring population among rotational levels of the same parity. The alignment recurrences and the non-thermal rotational distributions [7, 8] are revealed through time-dependent optical birefringence, measured with variably delayed probe pulses. Several key applications such as high harmonic generation (HHG) [9, 10, 11, 12] and molecular frame photoelectron angular distribution (MFPAD) [13, 14, 15] spectroscopies make use of optically induced anisotropic angular distributions (alignment and orientation prepared by a single pulse, a sequence of pulses [16, 17] , DC fields [18] or mixed field excitations [19, 20, 21, 22] ), while others aim at coherently controlled molecular rotation for purposes of quantum information [23] , chemical selectivity [24, 25] , preferred direction of rotation [26, 27, 28, 29, 30, 31] etc., induced by femtosecond pulse sequences with varying relative delays and polarizations as well as shaped optical pulses [31, 32, 33] .
In the initial weak-field THz experiments [2, 3] , the only detectable signals were those resulting from a single light-matter interaction, i.e. from 1QCs with J' = J ± 1 (described by the 1 J Δ = ± off-diagonal density matrix elements,
Recently [34] , OCS molecules were driven by single-cycle THz pulses of sufficient strength to generate not only 1QCs (detected as THz FIDs) but also 2QCs and non-thermal rotational state distributions (detected as optical birefringence) that result from two successive light-matter interactions. Outside of the weak-field limit, it is of interest to explore THz excitation strategies that could enhance control over orientation and/or alignment [35] , including a combination of THz and optical fields [36, 37, 38] . More generally we wish to explore strategies for coherent control over multilevel systems, exemplified here by control over rotational coherences and populations. Apart from the strong-THz field goals such as high degrees of molecular orientation or alignment for applications like HHG or MFPAD our objectives include two-dimensional rotational spectroscopy for revealing the couplings between different rotational degrees of freedom of (non-linear) molecules, and transient rotational spectroscopy of molecular species formed as reaction intermediates or products in highly nonthermal rotational distributions.
We present experimental results from polar OCS molecules driven by time-delayed THz pulse pairs. We show that two THz-molecule interactions at widely separated times can induce far larger transient birefringence responses, indicating far larger 2QCs, than two interactions within a single short THz pulse, and that there is an optimal time delay for the largest response. We further show that in the presence of atmospheric water vapor, a closely related effect arises from one single-cycle THz excitation pulse followed by the THz FID from water that it induces, which in turn acts on the OCS molecules. Thus the underlying phenomenon may occur whenever a strong THz pulse irradiates multiple molecular species, even when (as in the present case with water vapor outside the OCS cell) the different species are separated spatially.
The experimental setup is shown in the Online Supplementary Material (OSM)-1. Two singlecycle THz pulses are generated in a nonlinear crystal by two variably delayed optical pulses, and the time-dependent birefringence of the medium is probed by a weak optical pulse [39] . Figure 1 shows the time-dependent birefringence induced in an OCS gas sample by two THz pulses delayed by 29 ps
The blue and green arrows label the signal components that can be attributed to the first or second THz excitation pulse, respectively. Thus the blue arrows indicate a rise of the background signal at t = 0, when the first THz pulse arrives at the sample, and birefringence modulations at T rev /2 and T rev . (For OCS, B = 0.203 cm -1 and T rev = 82.2 ps). The slowly varying background signal is due to the non-thermal rotational state distribution, while the modulations due to rotational 2QCs are characteristically short-lived [34] . The green arrows indicate similar responses to the second THz pulse, all of which are delayed 29 ps relative to their counterparts, which were induced by the first pulse. The much stronger signal modulations (~35x relative to those induced by either of the pulses alone) at 56, 97, 138, and 179ps appear only when both THz pulses are present, and are the focus of the present work. For a simulated result, see OSM-2.
Figure 1: Experimentally measured birefringence induced in a 500-torr OCS gas sample at room temperature, produced by interactions with two single-cycle THz fields. Inset (a) is a schematic representation of the fields used. The multiple-cycle optical probe pulse duration (~ 100 fs, red) is actually shorter than the THz pulse durations (~ 1.5 ps, green and blue). Inset (b) is a Feynman diagram showing the two THz excitation fields (blue and green) that produce 1QCs and 2QCs in succession, and the optical fields (red) used to probe the 2QCs.
We refer to the strong modulations as "Commensurate Two-THz Revivals" (CTTR) for reasons that will become clear shortly. Simulated birefringence responses of the OCS gas at 300 K during and after its interaction with two single-cycle, equal-amplitude THz pulses with field profiles E(t) are calculated based on the dipolar interaction potential, ( , )
where μ is the molecular dipole moment. From the calculations, conducted for various THz field amplitudes, we found the CTTR signal level to be linearly proportional to each field amplitude, [40, 41, 42] . Although the calculations were not performed perturbatively, the results can be understood in terms of successive independent interactions between THz fields and molecular dipoles.
The first THz field interaction with the molecular dipoles induces 1QCs between all of the adjacent rotational states with transition frequencies within the pulse bandwidth. The field-free evolution of these coherences is described by the 1 J Δ = ± off-diagonal density matrix elements 
the superposition of which for multiple initial J levels manifests net orientation modulations under field-free conditions. It was shown that with sufficient field strengths, this rotational motion is accompanied by measurable degrees of alignment [34] . Classically, the small extent of net alignment after the interaction with one THz pulse can be understood in terms of the interaction potential, 
two groups of responses both contribute to net orientation in the +z direction but make cancelling contributions to alignment along the z axis.
A related argument regarding the small degrees of alignment induced through the dipole interaction was made in theoretical work by Henriksen [35] .
The second THz pulse arrives after time delay Δτ and interacts with the previously excited molecules, initiating additional 1QCs, which yield The second field interaction also induces 2QCs with magnitudes and phases depending on its time delay, τ Δ . These are represented by the 2 J Δ = ± off-diagonal density matrix elements:
The magnitudes of these terms will be discussed later, but let us first consider the phase accumulated by each 2QC at the time of the birefringence measurement, t. There are two contributions: the phase accumulated by the 1QC until time τ Δ , and the phase accumulated by the 2QC from time τ Δ until time t. The CTTR signals appear when the 2QCs in Eq.3 are all in phase, i.e when the accumulated phases,
are independent of the J quantum number except for increments of 2π . This occurs when 2 rev t nT τ − Δ = , yielding for the first two CTTR appearance times
The π phase shift is observed between successive birefringence modulations in the experimental and simulated data in figures 1,2 and has been previously observed in birefringence modulation induced by either optical [43] or THz [34] fields. The 2QC phases accumulate at twice the rate of the 1QC phases, which is why the time interval between successive 2QC signal appearances is T rev /2 while that between the 1QC appearances is T rev . The first 2QC signal follows the second A closely related phenomenon is observed when one single-cycle THz field is applied to an OCS gas sample, but unlike the earlier measurements, the ambient atmosphere outside the OCS cell is not purged of water vapor. The OCS sample is irradiated by the single-cycle pulse, followed by the continuous FID from water, which provides the second THz field interaction. The results, shown and discussed further in section OSM-6, reveal strong CTTR signals that oscillate at twice the water FID frequency. Thus 2-quantum coherences may be induced whenever a single strong THz field irradiates multiple polar molecular species, with the FID from any species providing the second field interaction for any other species that are downstream in the beam path.
We note that in the present demonstration of control over multiple 2QCs, using THz fields of moderate strength (~ 50 kV/cm) and molecules at room temperature, the maximum induced change in alignment 2 cos θ Δ < > was ~10 -3 -significantly smaller than values often induced by optical pulses. Far higher tabletop THz field strengths (> 1 MV/cm [44] ) can be used on samples at lower temperatures in order to drive substantially greater degrees of alignment.
In summary, we have shown that two properly delayed THz pulses induce significantly enhanced transient birefringence relative to that induced by a single THz pulse. By varying the delay between pulses, one can control the magnitudes and relative phases of the 2QCs in a multilevel rotational system. Selective population transfer between even and odd rotational states, which is forbidden via optical excitation, becomes possible through the interaction of molecular dipoles and THz fields. The experimental results agree closely with numerical calculations. The present results provide an instructive example of THz coherent control over rotational state populations and coherences. Of special interest using the presented excitation scheme are molecules showing more than one fundamental rotational axis, in which CTTR signals may reveal the coupling between different rotational degrees of freedom.
